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White light and multicolor emission tuning in triply
doped Yb3+/Tm3+/Er3+ novel ﬂuoro-phosphate
transparent glass-ceramics
Yannick Ledemi,*a Andre´e-Anne Trudel,a Victor A. G. Rivera,b Se´bastien Chenu,c
Emmanuel Ve´ron,c Luiz Antonio Nunes,b Mathieu Allixc and Youne`s Messaddeqa
New Yb3+, Er3+ and Tm3+ doped ﬂuoro-phosphate glasses belonging to the system NaPO3–YF3–BaF2–
CaF2 and containing up to 10 wt% of rare-earth ion ﬂuorides were prepared and characterized by
diﬀerential scanning calorimetry, absorption spectroscopy and up-conversion emission spectroscopy
under excitation with a 975 nm laser diode. Transparent and homogeneous glass-ceramics have been
reproducibly obtained with a view to manage the red, green and blue emission bands and generate
white light. X-ray diﬀraction as well as electron microscopy techniques have conﬁrmed the formation of
ﬂuorite-type cubic nanocrystals at the beginning of the crystallization process while complex
nanocrystalline phases are formed after a longer heat-treatment. The prepared glass-ceramics exhibit
high optical transparency even after 170 h of thermal treatment. An improvement of up-conversion
emission intensity – from 10 to 160 times larger – was measured in the glass-ceramics when compared
to the parent glass, suggesting an important incorporation of the rare-earth ions into the crystalline
phase(s). The involved mechanisms and lifetime were described in detail as a function of heat-treatment
time. Finally, a large range of designable color rendering (from orange to turquoise through white) can
be observed in these materials by controlling the laser excitation power and the crystallization rate.
1. Introduction
Tailoring the emission of light in the ultraviolet, visible and/or
the infrared ranges has always been a challenge of material
research due to its numerous applications in optic and photonic
devices for solid-state lighting and lasers, multicolor displays
technology, and more recently to improve the solar cell eﬃ-
ciency.1–3 Among the diﬀerent routes explored for such
purposes, including inorganic and organic semi-conductor
technologies and transition metal or lanthanide ion doped
single crystals or ceramics, the use of glass as an active material
oﬀers many advantages. We can cite the optical transparency in
the range of interest, ease of preparation associated with a
relatively low-cost production as well as ease of shaping in the
desired form (e.g. thin-lms, optical bers) depending on the
targeted application. Besides, growing interest over the past
decade has been observed in the eld of transparent glass-
ceramic materials for optic and photonic applications. For a
long time, the interest in these composite materials has
originated from their excellent thermo-mechanical properties.4
Nevertheless, constant eﬀorts have been devoted to the
improvement of their optical transparency leading progressively
to new applications for glass-ceramics as photonic materials.5–7
The recent advances in the controlled crystallization process of
glasses permit us to manage the size and nature of crystals
within the vitreous matrix, and thus to master the light scat-
tering. Nowadays, considerable research is dedicated to the
preparation of new optical glass-ceramics from photonic glasses
(e.g. oxyuorides,5,6 chalco-halides,7 uorosilicates,8,9 etc.) with a
view to combine the specic glass features to the unique
properties of single crystals.
Among the numerous photonic applications (e.g. laser
amplication, saturable absorbers, frequency doubling, lens,
etc.), transparent luminescent glass-ceramics may exhibit
enhanced optical properties (e.g. absorption/emission cross-
section, energy transfer rates) compared to their glassy coun-
terparts when a crystalline phase of the desired nature and
structure is generated around the active species, usually rare
earth ions (REI) or transition metal ions.6,10 In some cases, the
own crystals themselves are the emitting species, like in
quantum dot doped glasses.11 One of the most explored
methods is the incorporation of eﬃcient up-converter nano-
crystals within the glassy network. Nano-crystalline materials
such as NaYF4, YF3 or CaF2 doped with lanthanide ions are
known to be highly eﬃcient up-converters and have already
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found applications in biology and medical imaging.9,12–15 By
tailoring their crystalline structure, relatively low-symmetry
sites can be formed, resulting in a distortion of the electron
cloud around the REI and favoring thus their emission
features.16 When the concentrations of REI such as Yb3+ as the
sensitizer ion and Er3+, Tm3+, Ho3+ and/or Pr3+ as activator ions
are appropriately adjusted in these nanocrystals, eﬃcient
multicolor and white light emission through red–green–blue
(RGB) combination can be achieved usually by simple excitation
with a commercial 980 nm laser diode.15,17–19Owing to their high
potential as an alternative source for lighting, laser or sensing,
great interest has thus emerged in investigating beyond the
extensively studied REI doped glassy materials20–23 by embed-
ding their REI into up-converter nanocrystals and forming more
eﬃcient active glass-ceramics.24–26 The main part of the vitreous
materials explored with a view to prepare these luminescent
glass-ceramics is based on oxyuoride mixed glass systems such
as uoro-germanate27–29 or uoro-alumino-silicate.30–35 In a
previous study, we have reported an enhanced up-conversion
emission in Yb3+ and Er3+ co-doped NaPO3–YF3–BaF2–CaF2
uoro-phosphate glass-ceramics.36 Basically, the incorporation
of both REI into uorite type nanocrystals increases their
proximity, favoring the energy transfer from the Yb3+ acceptor
ions to the Er3+ activator ones, thus improving their visible
luminescence.
In this work, we study the infrared to visible up-conversion
emission in Yb3+, Tm3+ and Er3+ triply doped NaPO3–YF3–BaF2–
CaF2 uoro-phosphate glasses and transparent glass-ceramics.
Through a well-controlled and highly reproducible crystalliza-
tion process, glass-ceramics containing uorite-type nano-
crystals homogeneously dispersed within the volume have been
fabricated. From these REI doped transparent glass-ceramics,
signicant changes in the relative intensities of the violet, blue,
green and red emissions upon 975 nm laser diode excitation
have been observed as a function of the applied heat-treatment
duration and laser excitation power. Such features are attrib-
uted to the incorporation of REI into the nanocrystals and give
rise to a large range of color tunability passing over the white
light from a single bulk material, according to the CIE-1931
standards.37 Moreover, a large enhancement of the up-conver-
sion emission intensity as well as their corresponding lifetimes
has been observed and correlated with the structural changes
occurring along the controlled crystallization process.
2. Experimental section
Glasses with nominal composition (NaPO3)40–(YF3)30–(BaF2)20–
(CaF2)10 (mol%) of 10 g weight and triply doped with 4 wt% of
ytterbium uoride (YbF3), 2 wt% of erbium uoride (ErF3) and
diﬀerent amounts of thulium uoride (TmF3) (x ¼ 1, 2, 3 and
4 wt%) were prepared by the traditional melt-casting technique
and annealed below their glass transition temperature (Tg) to
remove any residual internal stress induced by the rapid cooling
of the glass melt. More details about the preparation route are
given in our previous work36 and the studied glass samples are
labeled in the text NYBC-x with x the weight concentration of
TmF3.
Glass-ceramics have been prepared by thermal treatment at
380 C (20 C above glass transition temperature) for diﬀerent
durations of the selected parent glass composition, according to
the same procedure detailed in.36 One can note that an excellent
repeatability of glass-ceramics preparation was observed from
diﬀerent parent glasses of the same composition according to
the used process. For clarity, the studied glass-ceramics are
labeled in the text GC-y h with y the heat-treatment duration (in
hours) at 380 C.
The crystallization of the glass (NaPO3)40–(YF3)30–(BaF2)20–
(CaF2)10 triply doped Yb
3+, Er3+ and Tm3+ was studied by in situ
high-temperature X-ray diﬀraction (HT-XRD), using an Anton
Paar oven Chamber (model HTK1200N, Graz, Austria) based on
a Kanthal® resistive heating attachment. Diﬀraction data were
collected over the 15–70 2q range with a 0.0245 step (4 s per
step counting time) on an X-ray Bruker D8 Advance (CuKa12
radiation) equipped with a Vantec-1 linear detector. The powder
or bulk sample was placed on a corundum crucible covered by a
platinum pellet to minimize interaction. The sample tempera-
ture was previously calibrated using the thermal expansion of
Al2O3.38 The sample was heated from room temperature to
380 C at a rate of 10 K min1 and diﬀractograms were collected
for one hour from t ¼ 0 to t ¼ 85 h. The diﬀerential scanning
calorimetric (DSC) measurements were performed using a
Netzsch DSC Pegasus 404F3 apparatus on glass pieces into
sealed Al pans at a heating rate of 10 C min1.
The scanning electron microscopy (SEM) images were
obtained by using a FEI Quanta 3D microscope equipped with a
Field Emission Gun (FEG). The bulk samples were fractured
purposely prior to SEM imaging to allow both surface and
volume observations. The low vacuum observation mode for
this dielectric material was preferred to dispense with sample
metallization which usually shows specic texture at high rates
of magnication. In return the image contrast obtained under
this mode is not as high as that of metallized (dielectric)
samples observed under high vacuum. Transmission Electron
Microscopy (TEM) data were collected on a Philips CM20
microscope tted with an Oxford Energy Dispersive Spectrom-
etry (EDS) analyzer. The sample was rst crushed in ethanol,
and a drop of the solution with small crystallites in suspension
was deposited onto a carbon coated copper grid.
The digital photographs of the samples were taken with a
Sony Cybershot digital camera DSC-W85 by holding them about
5 cm above a text instead of lying on it to better show their
optical transparency.
The UV-visible transmission spectra were recorded on a Cary
500 (Varian) double beam spectrophotometer on the polished
samples of 1.5 mm thickness. The linear refractive index was
measured by employing the M-lines prism coupling technique
(Metricon 2010) at 633 nm. The steady state uorescence
emission spectra were recorded by using a Nanolog Horiba
Jobin Yvon uorimeter equipped with a double monochromator
and a photomultiplier tube (PMT) sensitive from 250 to 850 nm.
A laser diode operating at 975 nm coupled with a standard
monomode pigtailed ber (SMF28) and the collimated laser
excitation beam was focused on the sample surface through an
18.4 mm lens. All measurements were performed at room
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C, 2014, 2, 5046–5056 | 5047
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temperature. Further details about the conditions and precau-
tions used for the luminescence measurements can be found in
ref. 36. In addition to the steady state measurements, time
resolved experiments were also performed to nd out the
excited states lifetime under excitation at 980 nm by using an
OPO laser pumped by the 3rd harmonic of a Nd:YAG laser, with a
peak power of 50 kW, a pulse width of 5 ns and a time between 2
pulses of 5 ms. The emission signal was recorded on a 400 MHz
oscilloscope (Tektronix TDS 380) and the lifetime data were
tted using the expression: I(t) ¼ I0 exp[t/s], where s is the
relaxation time and I0 is the intensity at time zero.
3. Results
3.1 The glasses
In a rst step, the concentration of doping rare earth ions Yb3+,
Er3+ and Tm3+ was explored in order to achieve white light
emission, thanks to a combination of the green and red
emissions of Er3+ ions and the blue and red emissions of Tm3+
ions aer excitation at 975 nm with a laser diode.15,17–19 The
involved mechanisms will be described later in the text. The
concentration of TmF3 in the glass of nominal composition
(NaPO3)40–(YF3)30–(BaF2)20–(CaF2)10 (mol%) was varied from 1
to 4 wt% while the concentrations of YbF3 and ErF3 were
maintained constant at 4 wt% and 2 wt%, respectively. The
glasses prepared with diﬀerent amounts of TmF3 are optically
homogeneous, without evidence of crystallization or striae.
Their emission spectra recorded from 370 to 850 nm upon
excitation at 975 nm (diode power of 25 mW) are presented in
Fig. 1. The recorded emission spectra were normalized at 549
nm, which is the main radiative transition of Er3+ ions whose
concentration was kept constant in the four samples, helping
thus to better account for the Tm3+ ion contribution through
its blue emission at 478 nm. The coordinates for each sample
in the chromaticity diagram (CIE-1931)37 are shown in the
inset of Fig. 1, aer calculation from their emission spectra in
the visible region, i.e. from 380 to 720 nm, by using the Spectra
Lux soware.39 The six emission bands observed in the spectra
in Fig. 1 can be assigned as follows: (i) the 520, 540, 667 and
810 nm bands originate from the Er3+ radiative transitions
from the excited state 2H11/2,
4S3/2,
4F9/2 and
4I9/2 to the ground
state 4I15/2, respectively, and, (ii) the 478 and 795 nm bands are
due to Tm3+ direct radiative transitions from the excited state
1G4 and
3H4 to the ground state
3H6, respectively, while the 450
and 651 nm bands correspond to indirect transitions from the
excited state 1D2 and
1G4 to the excited state
3F4, respectively.
One can observe in Fig. 1 that increasing the Tm3+ concen-
tration results in: (i) a monotonous decrease of the relative
intensity of the blue emission at 478 nm, attributed to Tm3+
ion transition which will be described later and (ii) a slight
increase of the red emission intensity at 651 nm. This leads to
a diﬀerent color rendering of the emission from bluish to
white of the glass samples according to their Tm3+ content, as
depicted in the inset of Fig. 1 and shown on the photographs
of the glass samples under excitation at 975 nm (diode power
of 30 mW, focal lens: 50 mm) presented in Fig. 1.
3.2 The glass-ceramics
The rare earth ion concentrations, 4 wt% of YbF3, 2 wt% of ErF3
and 4 wt% of TmF3, appear thus as the best REI combination for
the emission of white light under 975 nm laser excitation in the
(NaPO3)40–(YF3)30–(BaF2)20–(CaF2)10 glass. The NYBC-4 glass
was therefore selected as the parent glass composition for the
preparation of glass-ceramics by thermal treatment. The NYBC-
4 glass-ceramics were obtained by heat-treatment at 380 C,
which is a temperature above its glass transition temperature
(Tg¼ 361 C), and below its onset crystallization temperature (Tx
¼ 408 C), for various durations ranging from 1 to 170 h. The
transmission spectra in the ultraviolet to near-infrared range of
the prepared glass-ceramics are presented in Fig. 2 as a function
of heat-treatment duration. As observed in these spectra, the
transparency of the glass-ceramics is altered with increasing
heat-treatment time in two ways due to scattering losses
induced by the formation and growth of crystals within the glass
network, as illustrated by the inset photograph in Fig. 2.
Firstly, the ultraviolet cut-oﬀ wavelength is red-shied, e.g.
from 308 to 576 nm for 50% of transmission for the glass and
GC-170 h samples, respectively, and also accompanied by a
curvature of the top of the transmission edge. Secondly, the
maximum transmission in the near-infrared range slightly
decreases with increasing heat-treatment time, e.g. from 90% to
83% between the Tm3+: 3H5 and Er
3+: 4I13/2 absorption bands for
the glass and the glass-ceramic treated 170 h, respectively. Both
Fig. 1 Normalized up-conversion emission spectra of the NYBC-x
(with x ¼ 1, 2, 3 and 4) glasses as a function of Tm3+ concentration,
under excitation at 975 nm (diode power of 25 mW). Inset: chroma-
ticity diagram with the calculated corresponding coordinates.
Photographs of the NYBC-x glass samples under excitation at 975 nm
(diode power of 30 mW, focal lens: 50 mm).
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eﬀects can be explained by the presence in the transparent
glassy matrix of scattering centers whose concentration,
dimensions and/or shape evolve with increasing heat-treatment
time. It is worth noting that, on one hand, almost no change
occurs in the sample transmission spectrum aer 1 h of heat-
treatment and, on the other hand, little change occurs between
16 h and 170 h of heat-treatment.
The in situ X-ray diﬀraction patterns recorded on the glass
and glass-ceramics every hour (from 0 to 85 h) under heat-
treatment at 380 C are presented in Fig. 3. Despite the fact that
the same temperature as that of GC-y h preparation was used to
record the in situ XRD patterns, one might expect some little
variation in the crystallization behavior caused by the furnace
temperature diﬀerence and used sample form (in situ XRD
patterns were recorded on powder).
However, one can observe very good agreement of the in situ
and ex situ (recorded on crushed glass-ceramics) XRD patterns,
as shown in Fig. 3(a) and (b). Besides this conrms that the
nucleation process of the NYBC glass is highly homogeneous
(volume crystallization). It also supports that possible variation
such as treatment duration oﬀsets (related to crystallization
kinetics) can be neglected here to simplify the correlation
between the structural and optical properties of the GCs.
One can observe in Fig. 3(a) that the XRD pattern of the glass
powder is characteristic of its amorphous state (t ¼ 0 h). Then,
the crystallization process can be divided into four regimes,
successively identied by labels (i) to (iv) in both Fig. 3(a)
and (b).
First, from 1 h to about 3 h of thermal-treatment (labeled (i)
in Fig. 3), four intense distinct peaks are clearly observed at the
same angles (2qz 28, 32, 46 and 54). The maximal intensity
of these peaks is reached at the very beginning of the crystalli-
zation process (aer 1 h) and seems constant for about 3 h of
treatment, indicating that the corresponding crystal phase is
formed very early and rapidly in this regime. Quick XRD extra
measurements (not presented here) have shown that this
maximal intensity is actually attained aer 30 min of thermal
treatment at 380. Indexation of these peaks from the Interna-
tional Centre for Diﬀraction Data (ICDD) database reveals the
presence of possibly three isomorphs cubic uorite-type phases:
sodium yttrium uoride NaYF4 (JCPDF le 77-2042), calcium
uoride CaF2 (JCPDF le 35-0816) and calcium yttrium uoride
Ca1xYxF2+x (JCPDF le 31-0293). Extensive structural investi-
gations are currently in progress in order to identify the nature
of the crystallizing phase(s). In a second regime ranging
approximately from 3 h to 18 h of thermal-treatment at 380 C
(labeled (ii) in Fig. 3), four new peaks are rising at 2qz 27, 31,
44.5 and 52.5 while the intensity of the four peaks previously
Fig. 2 UV-visible and near infrared transmission spectra of the NYBC-
4 glass and glass-ceramics as a function of heat-treatment time at
380 C. Sample thickness is 1.5 mm. Inset: photograph of NYBC-4
glass and GC-170 h glass-ceramic samples. Note that both samples
are held about 5 cm above a text instead of lying on it to better show
their optical transparency.
Fig. 3 (a) In situ powder X-ray diﬀraction patterns of the NYBC-4 glass and glass-ceramics every hour from t¼ 0 to t¼ 85 h at 380 C (1 h scans).
Labels (i) to (iv) indicate the four successive regimes of crystallization described in the text. (b) X-ray powder diﬀraction patterns of the NYBC-4
glass and glass-ceramics obtained after thermal treatment at 380 C during 1 h, 2 h, 3 h, 6 h, 16 h and 170 h. Labels (i) to (iv) indicate the four
successive regimes of crystallization described in the text.
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C, 2014, 2, 5046–5056 | 5049
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observed tends to decrease slowly. The new peaks can be
ascribed to the Ba0.92Tm0.04Y1Yb1.11F8.29 crystal phase (JCPDF
le 49-0287) which is a face centered cubic structure.40 In a third
regime ranging from 18 h to 40 h (labeled (iii) in Fig. 3), three
weak peaks are rising at 2q z 22.5, 29.5 and 36. However,
these peaks are almost not observable in the ex situ XRD
pattern, i.e. from the crushed bulk glass-ceramic samples, as
shown in Fig. 3(b). This suggests thus that some surface crys-
tallization occurs during the in situ experiment performed on
powders. Lastly, above 40 h of heat-treatment (labeled (iv) in
Fig. 3), the intensity of the four peaks observed from the
beginning still decreases continuously, as clearly observed in
Fig. 3 (at 2q z 28, 32, 46 and 54). Moreover, diﬀerent
growing peaks are observed in this fourth regime (at 2qz 26.3,
30.5 and 43). Their complete indexation is rather complex, but
could be attributed to the formation of the rhombohedral
Ba4Yb3F17 and/or the orthorhombic CaY2O4 phases.
Fig. 4 shows transmission and scanning electron micro-
graphs of the NYBC-4 glass and glass-ceramics GC-1 h, GC-2 h,
GC-6 h and GC-170 h. The TEM image in Fig. 4(a) clearly illus-
trates the homogeneous amorphous character of the NYBC-4
glass sample. In Fig. 4(b)–(f), one can observe crystals of about
100 nm size randomly dispersed in the glassy matrix. No
signicant diﬀerence in terms of crystal size and concentration
is observed between the micrographs.
The up-conversion emission spectra from 380 to 850 nm of
the NYBC-4 parent glass are presented in Fig. 5 as a function of
laser diode power at 975 nm. One has to remind that the laser
diode power reported is much lower than the eﬀective power
arriving at the sample surface aer collimation and tight
focusing, as discussed in our previous work.36 One can observe
the same six emission bands at 450, 478, 520, 540, 651 and
795 nm, previously ascribed to the Er3+ and Tm3+ radiative
transitions. Their dependence on the maximum intensity as a
function of excitation power is also depicted through a double
log–log plot in the inset of Fig. 5.
In the same way, the up-conversion emission spectra from
380 to 850 nm of the NYBC-4 glass-ceramic GC-170 h are pre-
sented in Fig. 6 as well as the dependence on the pump power of
the maximum intensity of the bands centered at 406, 478, 520,
540, 651 and 795 nm. Besides an increase of about one order of
magnitude of the overall emission intensity of the GC-170 h
sample when compared to the glass one (see Fig. 5), it is
interesting to note the rising of the violet radiative transition of
Er3+: [2H9/2 /
4I15/2] ions at 406 nm in the glass-ceramic
emission spectra, while its intensity is negligible on the glass
emission spectra.
Furthermore, signicant changes in the relative intensities of
the diﬀerent emission bands can be observed in the emission
spectra of the glass and GC-170 h glass-ceramic presented in
Fig. 5 and 6, respectively. These variations have been summarized
in Fig. 7 by plotting the ratio of the intensities measured on the
glass-ceramic over that of glass as a function of heat-treatment
time and for each emission band. Note that a log–log scale has
Fig. 6 Up-conversion emission spectra of the NYBC-4 glass-ceramic
GC-170 h as a function of laser diode pump power at 975 nm. Inset:
log–log plot of the emission intensity as a function of excitation
power.
Fig. 4 Transmission Electron Microscopy (TEM) images of NYBC-4
glass (a), glass-ceramics GC-1 h (b) and GC-2 h (c); and Scanning
Electron Microscopy (SEM) images of glass-ceramics GC-2 h (d),
GC-6 h (e) and GC-170 h (f).
Fig. 5 Up-conversion emission spectra of the NYBC-4 glass as a
function of laser diode pump power at 975 nm. Inset: log–log plot of
the emission intensity as a function of excitation power.
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been preferred in Fig. 7 to better represent the evolution of the
intensity ratio as a function of heat-treatment duration.
First, one can observe in Fig. 7 a monotonous and tremen-
dous increase – up to 170 times – of the intensity for the 406 nm
emission of Er3+ ions with increasing heat-treatment time.
Then, a moderate increase of intensity ranging from 10 to 35
times is observed for the 520, 540 and 651 nm Er3+ emission
bands for the glass-ceramic GC-16 h while no further increase
was measured for longer heat-treatment. Lastly, no signicant
change in intensity was measured for the 478 and 795 nm
emission bands relative to the Tm3+ ion transitions.
The decay lifetimes measured at three emission wave-
lengths, 478, 540 and 651 nm, by exciting at 980 nm (pulse
length: 5 ns and 5 ms between two pulses) are plotted in Fig. 8
as a function of heat-treatment time (log scale). The observed
decay-time behavior (not presented here) follows a single-
exponential decay for all of the samples.
The lifetimes measured for the blue transition at 478 nm and
attributed to the Tm3+: [1G4 /
3H6] and Er
3+: [4F7/2 /
4I15/2]
radiative transitions range from 60 to 70 ms and do not exhibit
any signicant change with thermal treatment duration. In
contrast, a sharp increase of the lifetime from 22 to 60 ms for the
540 nm emission (ascribed to the Er3+: [4S3/2 /
4I15/2] transi-
tion) and from 66 to 184 ms for the 651 nm emission (attributed
to both Er3+: [4F9/2/
4I15/2] and Tm
3+: [1G4/
3F4] transitions)
can be observed in Fig. 8 from 2 to 6 h of heat-treatment. For
longer heat-treatment durations, i.e. from 10 h to 170 h, the
lifetime of both green and red transitions slightly increases, as
shown in Fig. 8.
4. Discussion
4.1 Structural investigation
In our previous work on Er3+ and Yb3+ codoped NYBC glasses
and glass-ceramics,36 we have shown the repeatability as well as
the stoichiometry conservation of the synthesis procedure
utilized here. Moreover, the structural investigation of the
crystallization process performed in that previous work through
X-ray diﬀraction and scanning electronmicroscopy has revealed
the formation of uorite-type cubic crystals without clear
identication of its composition among the three isomorphs
CaF2, Ca1xYxF2+x and a-NaYF4. CaF2 is a well-known model
describing the cubic uorite crystalline structure, where uo-
ride anions F occupy the tetrahedral sites in the fcc lattice of
calcium Ca2+ cations. Then, the Ca1xYxF2+x belongs to the
(CaF2)1x–(YF3)x solid solution where uorite-type crystals exist
when x is comprised between 0 to 0.35.41 Lastly, the NaYF4
crystal consists of two polymorphs: the cubic uorite phase,
labeled a-NaYF4 and the hexagonal one, labeled b-NaYF4.42,43
The former is generally known to be formed only at high
temperature while the latter is the stable phase at low temper-
ature.43 However, no evidence of the presence of the hexagonal
b-NaYF4 phase was observed here from the X-ray diﬀraction
analyses. Besides, the formation of the cubic a-NaYF4 at low
temperature was previously observed in a uoro-silicate glass-
ceramic and attributed to the metastable character of the glassy
state.35 The X-ray diﬀraction patterns recorded on the triply
doped NYBC-4 glass-ceramics up to 3 h of heat-treatment
(Fig. 3(a)) are identical to those reported in our previous work,
suggesting the same crystallization of the cubic uorite-type
phase, as further illustrated by the electron microscopy images
presented in Fig. 4.
In contrast to our results presented in ref. 36 where long
heat-treatments have resulted in a complex uncontrolled crys-
tallization leading to opaque glass-ceramics, a high visible
transparency of the NYBC-4 glass-ceramics was maintained in
the present work, even aer 170 h of thermal treatment (see
Fig. 2). This is readily explainable by the lower temperature used
here for the ceramization process (380 C vs. 400 C in ref. 36),
which has permitted us to retain the crystal size around 100 nm
Fig. 7 Ratios (log scale) of the measured emission intensity of the
NYBC-4 glass-ceramics over the glass one for each emission band,
under excitation at 975 nm (diode power of 30 mW) as a function of
heat-treatment time (log scale). Lines are guides to the eye.
Fig. 8 Decay lifetime (normal scale) of the 478, 540 and 651 nm
emission bands under excitation at 980 nm as a function of heat-
treatment time (log scale). Lines are guides to the eye.
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C, 2014, 2, 5046–5056 | 5051
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and to avoid any uncontrolled growth, as shown by both SEM
and TEM images in Fig. 4. Besides the major role played by the
crystalline particle size toward the transparency of glass-
ceramics, the diﬀerence of the refractive index between crystals
and glass is also an important factor to consider, according to
Rayleigh's theory. The reported linear refractive index of uo-
ride crystalline phases (nD, at 589 nm) is 1.434 for CaF2,44 1.430
for NaYF4,43 and 1.48 for Ca1xYxF2+x (x ¼ 0.25)45 while the
refractive index measured here on the NYBC-4 glass at 633 nm is
1.538. The relatively weak diﬀerence of the refractive index
between both media is thus determinant here with regard to the
GC-170 h transparency if we consider that its crystal size
(100 nm) is slightly larger than that usually reported in
transparent oxyuoride glass-ceramics (<40 nm).46
4.2 Optical properties
In order to determine the optical band gap of the prepared
samples, their linear absorption coeﬃcient was, for the
rst time, determined from their transmission spectrum
according to:
aðyÞ ¼  lnðTÞ
d
(1)
where T is the optical transmission as a function of frequency y
and d is the glass thickness (here, d ¼ 1.5 mm). Then, direct
and indirect optical bandgaps and Urbach energy were calcu-
lated via:
aðhyÞ ¼ A

hy Eopt
p
hy
(2)
where A is a constant called band tailing parameter, Eopt is the
optical band gap, h is the Planck constant and p is an index
depending on the nature of the electronic transitions respon-
sible for the absorption (p ¼ 0.5 for Edir and p ¼ 2.0 for Eindir).47
Lastly, the absorption coeﬃcient near the band edge shows an
exponential dependence on photon energy and this dependence
is given as follows:48
aðhyÞ ¼ a0 exp

hy
EU

(3)
where a0 is a constant and EU is the Urbach energy that can be
interpreted as the width of the valence band tails of localized
states, associated with the structural disorder of the amorphous
state. The calculated optical band gaps (Edir and Eindir) and
Urbach energy EU are plotted in Fig. 9 as a function of heat-
treatment time. It clearly appears that thermal-treatment of the
samples results in a nonlinear decrease and increase of their
optical band gap and Urbach energy EU, respectively. No further
signicant change of those energies is observed aer 16 hours
of heat-treatment, as shown by the almost identical trans-
mission spectra of GC-16 h and GC-170 h in Fig. 2. Note that the
calculated energies for the GC-170 h sample are not plotted in
Fig. 9 for better clarity. We can thus assume that the crystalli-
zation in this material reaches a limit aer 16 hours of treat-
ment aer which no signicant increase of crystallization
volume occurs, as shown by both the GC-170 h transmission
spectrum (Fig. 2) and up-conversion emissions intensity (Fig. 7)
which are close to that of the GC-16 h sample.
A signicant change of the relative intensities of the emis-
sion bands in the NYBC-4 glass and GC-170 h glass-ceramic can
be observed in Fig. 5 and 6, respectively. In frequency up-
conversion processes, it is well established that the up-conver-
sion emission intensity IUC is proportional to the excitation
intensity Iexct according to IUC f (Pexct)
n, where n accounts for
the number of excitation infrared photons involved in the
excitation mechanism. The number n is necessarily an integer
and is deduced from the slope of the straight line obtained by
plotting log(IUC) vs. log(Pexct), as presented in the inset of Fig. 5
and 6, for the NYBC-4 glass and GC-170 h glass-ceramic,
respectively. All the regression curves were obtained with an R-
square value higher than 0.99, indicating an excellent accuracy
of the ts, as shown as well by the standard error values
calculated for each slope and reported in the respective legends.
First, if we consider the violet and green well-known emissions
of Er3+ ions, the slopes obtained from the log(IUC) vs. log(Pexct)
plot for the transitions 2H9/2/
4I15/2 (406 nm),
2H11/2/
4I15/2
(520 nm) and 4S3/2/
4I15/2 (540 nm) are respectively 2.88, 2.37
and 2.06 for the 170 h glass-ceramic. For the glass, the violet
emission at 406 nm was too weak to measure accurately its
intensity while slopes of 2.49 and 2.45 were obtained for the 520
and 540 nm emission bands, respectively. Therefore, these
results indicate that the green (520 and 542 nm) emissions are
related to a two-photon process while the violet emission (406
nm) can be ascribed to a three-photon process, which is
coherent with similar studies reported in the literature.49–51
Then, the attribution of the red emission observed at 651–
667 nm is ambiguous because both Er3+ and Tm3+ ions may
emit in this region. First, for the Er3+ ion, the involved transition
may be 4F9/2/
4I15/2. This emission was observed with a peak
centered at 667 nm in the Tm3+-free glass and glass-ceramics of
the same composition.36 Second, the transition 1G4 /
3F4 of
Tm3+ ions may also contribute to the red emission, as already
reported in the literature.25 From the normalized emission
spectra presented in Fig. 1, we observe a slight increase of the
intensity of the red emission with increasing content of Tm3+
Fig. 9 Optical band gap (Edir and Eindir) and the EU as a function of the
heat-thermal time. Lines are guides to the eye.
5052 | J. Mater. Chem. C, 2014, 2, 5046–5056 This journal is © The Royal Society of Chemistry 2014
Journal of Materials Chemistry C Paper
Pu
bl
ish
ed
 o
n 
07
 A
pr
il 
20
14
. D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
23
/0
6/
20
14
 1
5:
15
:3
9.
 
View Article Online
from 2 to 4 wt%. Nevertheless, almost no change is observed
between the glasses containing 1 and 2 wt%. At this point, we
can thus only assume that both Er3+ and Tm3+ ions are involved
in the red emission, with a probable greater contribution of the
latter ions. From the double log plot of the emission intensity
vs. excitation power at 651 nm in glass and glass-ceramic (inset
of Fig. 5 and 6), a two-photon excitation process may be
assumed. On the other hand, the blue emissions at 450 and 478
nm and the near infrared emission at 795 nm observed in Fig. 5
and 6 can be unambiguously ascribed to the following transi-
tions of Tm3+ ions: 1D2/
3F4 (450 nm),
1G4/
3H6 (478 nm),
and 3H4/
3H6 (795 nm), with respective obtained slopes close
to 3 and 2 in both the glass and the glass-ceramic treated for
170 h. The blue emissions can be thus ascribed to a three-
photon excitation process and the near infrared one (781 nm) to
a two-photon mechanism.
In Fig. 7, the plot of intensity ratios Iglass-ceramic/Iglass for each
emission band under excitation at 975 nm (laser diode power of
30 mW) as a function of heat-treatment duration shows the
inuence of crystallization rate on the REI emission. One can
clearly observe from Fig. 7 that the intensity of the Er3+ emission
bands strongly increases – of about 170 times for the 406 nm
violet transition and 10 to 20 times for the green transitions –
whereas the Tm3+ main emission band at 478 nm remains
unchanged.
Diﬀerent mechanisms are involved in the up-conversion
emission processes to excite the Er3+ levels 2H9/2,
4F{3/2–9/2},
2H11/2,
4S3/2 and
4I9/2 as well as the Tm
3+ levels 1D2,
1G4,
3F{2–3}
and 3H4 in the presence of Yb
3+ sensitizer ions upon laser
excitation at 975 nm. Here, four excitation mechanisms can be
distinguished: energy transfer up-conversion (ET), ground state
absorption (GSA), excited state absorption (ESA) and cross-
relaxation (CR). Due to the large absorption cross-section of
Yb3+ ions around 975 nm, the expected dominant process is the
energy transfer (ET) from the excited level 2F5/2 of Yb
3+ to the
Er3+ levels: 4I11/2,
4F7/2,
4I13/2 and
4F9/2 (respectively labeled ET{1–
4}E in Fig. 10) on one hand, and to the Tm3+ levels: 3H5,
3F4,
3H4
and 1G4 (respectively labeled ET{1–4}T in Fig. 10) on the other
hand. Besides, the excitation of the 1D2 state is also possible
from the 3H4 state through a CR process. The diﬀerent possible
excitation–emission mechanisms are resumed in the simplied
energy diagram presented in Fig. 10 where the optical band gap
of the GC-2 h and GC-170 h samples is also depicted.
We can assume that the separation distance between Yb3+
and Tm3+ ions is less than that between Yb3+ with Er3+ ions due
to the initial REI concentrations. Thus, the ET probability
between the REI in the glass and GC samples is rst governed by
Yb3+/ Tm3+ and then by Yb3+/ Er3+.
According to this criterion, the excitation–emission path-
ways of the Tm3+ ions are: (i) population of the 3H5 level via the
energy transfer ET1T followed by a non-radiative (NR) relaxation
to the 3F4 level and the excited state absorption from this level
ESA1 (resulting from ET2T) to populate the 3F2–3 levels, the
radiative relaxation from the 3F2 level leads to red emission (651
nm), (ii) the 3H4 level can be populated by NR relaxation from
the 3F2–3 levels and then radiatively decays by emitting at
approximately 800 nm; (iii) the 1G4 level can be excited by two
ways, by the ESA2 from the 3H4 level (resulting from ET3T) or via
the two-photon absorption (TPA) at 975 nm from two Yb3+ ions,
two main radiative decays can then occur from the excited 1G4
state: the rst one to the excited level 3F4, with a red emission at
651 nm, and the second one to the ground state 3H6, giving rise
to the blue emission at 478 nm; (iv) at last, we can observe the
ESA3 from the 1G4 level (resulting from ET4T) which will
populate the 1D2 level and then be followed by a radiative
transition to the excited level 3F4 centered at 450 nm. The latter
transition will depend on the optical band gap of the sample, as
the Tm3+: [1D2] energy level is located within the conduction
band (Fig. 10).
Regarding the Er3+ ion transitions, the excitation pathways
are: (i) the population of the 4I11/2 level by both GSA and ET1E,
explaining its usually observed prolonged lifetime,52 which can
be followed by both a NR relaxation to the 4I13/2 level or the ESA1
which will populate the 4F7/2 level; (ii) from the excited
4F7/2
level, the population of the 4G7/2–11/2 level can occur through the
ESA2 (resulting from ET2E), depending on the optical band gap
(see Fig. 10); (iii) besides, the 4F7/2 level can be populated via the
TPA from two Yb3+ ions; (iv) the 4F9/2 and
2H9/2 levels can be
excited consecutively from the 4I13/2 and
4F9/2 excited states by
ESA3 and ESA4, respectively (both due to ET3E and ET4E,
respectively). All these excitations may then result in the
following radiative transition from the excited levels 2H9/2,
4F3/2–7/2,
2H11/2–
4S3/2,
4F9/2 and
4I9/2 to the ground state
4I15/2,
leading to the violet (406 nm) emission, blue (450 to 478 nm)
emissions, green (520 to 540 nm) emissions, red (665 nm) and
near-infrared (805 nm) emissions, respectively.
From Fig. 7 as well as the emission spectra presented in
Fig. 5 and 6 for the NYBC-4 glass and GC-170 h, respectively, we
can note that: (i) the intensity of the violet emission (Er3+: [2H9/2
/ 4I15/2]) has a much higher (up to 160 times) increment upon
thermal treatment which can be related to the optical band gap
(Fig. 9) favoring both ESA3 processes; (ii) the intensities of the
blue emission (Er3+: [4F3/2–7/2/
4I15/2] + Tm
3+: [1D2/
3F4 +
1G4
/ 3H6]) and the green emission (Er
3+: [2H11/2,
4S3/2/
4I15/2]) are
Fig. 10 Simpliﬁed energy level diagram of Yb3+, Er3+ and Tm3+ ions
with the main transitions describing the up-conversion luminescence,
and the optical band gap for the GC-2 h and GC-170 h samples,
respectively. (Yb3+-1 represents a second Yb3+ ion.)
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C, 2014, 2, 5046–5056 | 5053
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increased respectively by about 5 and 10 times in the glass-
ceramics when compared to the glass; (iii) the intensity of the
red emission (Er3+: [4F9/2/
4I15/2] + Tm
3+: [3F2–3/
3H6 +
1G4/
3F4], due to ESA3 and, ESA1 + ESA2, respectively) is improved by
about 12 times and; (iv) the intensity of the near-infrared band
at 795 nm (Er3+: [4I9/2 /
4I15/2] + Tm
3+: [1G4 /
3H5 +
3H4 /
3H6]) almost does not evolve as a function of heat-treatment
time.
Therefore, if one neglects the ET processes between energy
levels of similar energy and considers that all the ET processes
occur from the excited Yb3+ ions to the Er3+ and Tm3+ acceptor
ions, in addition to the ESA processes, then a multicolor up-
conversion emission can be achieved from the NYBC-4 glass
and glass-ceramics, as illustrated in Fig. 11 and 12. Besides,
control of the ceramization process and pumping power at
975 nm allow the intensity of the three RGB emission bands to
be modulated.
The chromaticity diagram presented in Fig. 12 shows the
color rendering tuning obtained from the glass and glass-
ceramics for diﬀerent heat-treatment durations by increasing
the 975 nm laser diode excitation power from 15 to 40 mW, as
indicated by the arrow for each sample. The images presented
in Fig. 11 are photographs displaying the diﬀerent colors
emitted by the glass and GC-2 h and GC-170 h glass-ceramics
when excited at 15 and 40 mW at 975 nm.
5. Conclusions
In summary, Yb3+, Er3+ and Tm3+ triply doped (NaPO3)40–
(YF3)30–(BaF2)20–(CaF2)10 uoro-phosphate glasses have been
prepared with a view to generate white light through the addi-
tion of red, green and blue (RGB) emission bands of the rare
earth ions (REI) via an excitation in the near infrared range at
975 nm. The optimal REI concentrations for this purpose were
determined to be 4 wt% of YbF3, 2 wt% of ErF3 and 4 wt% of
TmF3. Then, highly transparent and optically homogeneous
glass-ceramics have been reproducibly fabricated by heat-
treatment of the selected glass composition above their glass
transition temperature, resulting in optical direct and indirect
band gap changes and modication of their luminescence
properties. The formation of cubic uorite-type nanocrystals
homogeneously dispersed within the volume has been evi-
denced and characterized at the early stage of the crystallization
process through X-ray diﬀraction (in situ and ex situ powder
techniques) and electron microscopies as well. A large
improvement of the up-conversion emission intensity – from 10
to 170 times larger – has been measured in the glass-ceramics
when compared to the parent glass, conrming the role played
by the ceramization process in incorporating the REI into a
more structured (crystalline) environment. Moreover, signi-
cant changes in the relative intensities of the violet, blue, green
and red emissions upon 975 nm laser diode excitation have
been observed as a function of the applied heat-treatment
duration and laser excitation power. Such features are also
attributed to the incorporation of REI into the nanocrystals and
give rise to a wide range of designable color rendering (from
orange to turquoise through white, according to the CIE-1931
standards) by only controlling the laser excitation power and the
crystallization rate of a single bulk material. Such wide emis-
sion tunability obtained, thanks to the excellent ability of these
uoro-phosphate glasses to form homogeneous transparent
glass-ceramics, makes these materials promising candidates for
application in solid-state lighting, solar cell technology and
other active photonic devices.
Fig. 11 Photographs of the NYBC-4 glass and the GC-2 h and GC-170
h glass-ceramics excited at 975 nm with a diode power of 15 and
40 mW.
Fig. 12 Chromaticity diagram showing the calculated coordinates of
NYBC-4 glass and glass-ceramics as a function of heat-treatment time
and laser diode power at 975 nm ranging from 15 to 40 mW.
5054 | J. Mater. Chem. C, 2014, 2, 5046–5056 This journal is © The Royal Society of Chemistry 2014
Journal of Materials Chemistry C Paper
Pu
bl
ish
ed
 o
n 
07
 A
pr
il 
20
14
. D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
23
/0
6/
20
14
 1
5:
15
:3
9.
 
View Article Online
Acknowledgements
The authors are grateful to the Canadian Excellence Research
Chair program (CERC) on Enabling Photonic Innovations for
Information and Communication for nancial support. The
Brazilian agencies FAPESP, CNPq through the INOF/CEPOF
(Instituto Nacional de O´ptica e Fotoˆnica and Centro de Pes-
quisa em O´ptica e Fotoˆnica – Sa˜o Paulo - Brazil) and the French
ANR (project CrystOG ANR-12-JS08-0002-01) are also
acknowledged.
Notes and references
1 T. L. Dawson, Color. Technol., 2010, 126, 1–10.
2 M. R. Krames, O. B. Shchekin, R. Mueller-Mach,
G. O. Mueller, L. Zhou, G. Harbers and M. G. Craford,
J. Disp. Technol., 2007, 3, 160–175.
3 J. de Wild, A. Meijerink, J. K. Rath, W. van Sark and
R. E. I. Schropp, Energy Environ. Sci., 2011, 4, 4835–4848.
4 W. Holand and G. H. Beall, Glass ceramic technology, Wiley
and sons, 2nd edn, 2012.
5 M. Mortier, Philos. Mag. B, 2002, 82, 745–753.
6 A. de Pablos-Martin, A. Duran and M. J. Pascual, Int. Mater.
Rev., 2012, 57, 165–186.
7 L. Calvez, H. L. Ma, J. Lucas and X. H. Zhang, Adv. Mater.,
2007, 19, 129–132.
8 A. C. Yanes, A. Santana-Alonso, J. Mendez-Ramos, J. del-
Castillo and V. D. Rodriguez, Adv. Funct. Mater., 2011, 21,
3136–3142.
9 A. Herrmann, M. Tylkowski, C. Bocker and C. Ruessel, Chem.
Mater., 2013, 25, 2878–2884.
10 Y. Teng, K. Sharafudeen, S. F. Zhou and J. R. Qiu, J. Ceram.
Soc. Jpn., 2012, 120, 458–466.
11 S. Nagpal, J. Nanopart. Res., 2011, 13, 2733–2741.
12 F. Wang and X. Liu, Chem. Soc. Rev., 2009, 38, 976–989.
13 J. F. Suyver, A. Aebischer, D. Biner, P. Gerner, J. Grimm,
S. Heer, K. W. Kramer, C. Reinhard and H. U. Gudel, Opt.
Mater., 2005, 27, 1111–1130.
14 R. X. Yan and Y. D. Li, Adv. Funct. Mater., 2005, 15, 763–770.
15 C. Cao, W. Qin, J. Zhang, Y. Wang, G. Wang, G. Wei, P. Zhu,
L. Wang and L. Jin, Opt. Commun., 2008, 281, 1716–1719.
16 F. Wang, Y. Han, C. S. Lim, Y. H. Lu, J. Wang, J. Xu,
H. Y. Chen, C. Zhang, M. H. Hong and X. G. Liu, Nature,
2010, 463, 1061–1065.
17 V. Mahalingam, F. Mangiarini, F. Vetrone, V. Venkatramu,
M. Bettinelli, A. Speghini and J. A. Capobianco, J. Phys.
Chem. C, 2008, 112, 17745–17749.
18 J. Yang, C. Zhang, C. Peng, C. Li, L. Wang, R. Chai and J. Lin,
Chem.– Eur. J., 2009, 15, 4649–4655.
19 N. Niu, P. Yang, F. He, X. Zhang, S. Gai, C. Li and J. Lin,
J. Mater. Chem., 2012, 22, 10889–10899.
20 A. S. Gouveia-Neto, L. A. Bueno, R. F. do Nascimento, E. A. da
Silva, E. B. da Costa and V. B. do Nascimento, Appl. Phys.
Lett., 2007, 91, 091114.
21 E. Downing, L. Hesselink, J. Ralston and R. Macfarlane,
Science, 1996, 273, 1185–1189.
22 H. T. Bookey, J. Lousteau, A. Jha, N. Gayraud, R. R. Thomson,
N. D. Psaila, H. Li, W. N. MacPherson, J. S. Barton and
A. K. Kar, Opt. Express, 2007, 15, 17554–17561.
23 Y. Ledemi, D. Manzani, S. J. L. Ribeiro and Y. Messaddeq,
Opt. Mater., 2011, 33, 1916–1920.
24 D. Q. Chen, Y. S. Wang, K. L. Zheng, T. L. Guo, Y. L. Yu and
P. Huang, Appl. Phys. Lett., 2007, 91, 251903.
25 J. Mendez-Ramos, V. D. Rodriguez, V. K. Tikhomirov, J. del-
Castillo and A. C. Yanes, Eur. Phys. J.: Appl. Phys., 2008, 43,
149–153.
26 S. F. Leon-Luis, J. Abreu-Afonso, J. Pena-Martinez, J. Mendez-
Ramos, A. C. Yanes, J. del-Castillo and V. D. Rodriguez,
J. Alloys Compd., 2009, 479, 557–560.
27 K. Hirao, K. Tanaka, M. Makita and N. Soga, J. Appl. Phys.,
1995, 78, 3445–3450.
28 L. A. Bueno, P. Melnikov, Y. Messaddeq and S. J. L. Ribeiro,
J. Non-Cryst. Solids, 1999, 247, 87–91.
29 F. Auzel, D. Pecile and D. Morin, J. Electrochem. Soc., 1975,
122, 101–107.
30 Y. H. Wang and J. Ohwaki, Appl. Phys. Lett., 1993, 63, 3268–
3270.
31 M. Abril, J. Mendez-Ramos, I. R. Martin, U. R. Rodriguez-
Mendoza, V. Lavin, A. Delgado-Torres, V. D. Rodriguez,
P. Nunez and A. D. Lozano-Gorrin, J. Appl. Phys., 2004, 95,
5271–5279.
32 V. K. Tikhomirov, D. Furniss, A. B. Seddon, I. M. Reaney,
M. Beggiora, M. Ferrari, M. Montagna and R. Rolli, Appl.
Phys. Lett., 2002, 81, 1937–1939.
33 X. S. Qiao, X. P. Fan, J. Wang and M. Q. Wang, J. Non-Cryst.
Solids, 2005, 351, 357–363.
34 S. Tanabe, H. Hayashi, T. Hanada and N. Onodera, Opt.
Mater., 2002, 19, 343–349.
35 F. Liu, E. Ma, D. Chen, Y. Yu and Y. Wang, J. Phys. Chem. B,
2006, 110, 20843–20846.
36 Y. Ledemi, M. El Amraoui, J. L. Ferrari, P.-L. Fortin,
S. J. L. Ribeiro and Y. Messaddeq, J. Am. Ceram. Soc., 2013,
96, 825–832.
37 CIE colorimetry (International Commission on
Illumination).
38 D. Taylor, Trans. J. Br. Ceram. Soc., 1984, 83, 92–98.
39 P. A. Santa-Cruz and F. S. Teles, Spectra Lux Soware v.1.0,
Ponto Quaˆntico Nanodispositivos/RENAMI, 2003.
40 T. N. Blanton and L. S. Hung, Powder Diﬀr., 1996, 11, 204–
208.
41 K. Seirania, P. P. Fedorov, L. Garashin, G. V. Molev,
V. V. Karelin and B. P. Sobolev, J. Cryst. Growth, 1974, 26,
61–64.
42 Z. J. Wang, F. Tao, L. Z. Yao, W. L. Cai and X. G. Li, J. Cryst.
Growth, 2006, 290, 296–300.
43 R. E. Thoma, G. M. Hebert, H. Insley and C. F. Weaver, Inorg.
Chem., 1963, 2, 1005–1012.
44 I. H. Malitson, Appl. Opt., 1963, 2, 1103–1107.
45 D. M. Roy and R. Roy, J. Electrochem. Soc., 1964, 111, 421–
429.
46 M. Mortier and G. Dantelle, in Functionalized Inorganic
Fluorides, ed. P. Garcia Juan, H.-W. Swidersky, T. Schwarze
and J. Eicher, John Wiley & Sons, Ltd, 2010, pp. 205–228.
This journal is © The Royal Society of Chemistry 2014 J. Mater. Chem. C, 2014, 2, 5046–5056 | 5055
Paper Journal of Materials Chemistry C
Pu
bl
ish
ed
 o
n 
07
 A
pr
il 
20
14
. D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
23
/0
6/
20
14
 1
5:
15
:3
9.
 
View Article Online
47 E. A. Davis and N. F. Mott, Philos. Mag., 1970, 22, 903–922.
48 F. Urbach, Phys. Rev., 1953, 92, 1324.
49 X. Qiao, X. Fan, M. Wang, J.-L. Adam and X. Zhang, J. Phys.:
Condens. Matter, 2006, 18, 6937–6951.
50 L. Y. Zhang, H. T. Sun, S. Q. Xu, K. F. Li and L. L. Hu, Solid
State Commun., 2005, 135, 449–454.
51 M. Liao, L. Hu, Y. Fang, J. Zhang, H. Sun, S. Xu and L. Zhang,
Spectrochim. Acta, Part A, 2007, 68, 531–535.
52 Rare-earth doped ber lasers and ampliers, revised and
amplied, ed. M. J. F. Digonnet, CRC Press, 2001.
5056 | J. Mater. Chem. C, 2014, 2, 5046–5056 This journal is © The Royal Society of Chemistry 2014
Journal of Materials Chemistry C Paper
Pu
bl
ish
ed
 o
n 
07
 A
pr
il 
20
14
. D
ow
nl
oa
de
d 
by
 U
N
IV
ER
SI
D
A
D
 S
A
O
 P
A
U
LO
 o
n 
23
/0
6/
20
14
 1
5:
15
:3
9.
 
View Article Online
